Non-coding RNAs and their interaction with RNA-binding proteins regulate mRNA levels in key cellular processes. This has intensified interest in post-transcriptional regulation. Recent studies on the turnover of AU-rich cytokine mRNAs have linked mRNA metabolism with ubiquitination. Ubiquitin is well recognized for its role in protein regulation/degradation. In the present paper, we describe a new group of RNA-binding E3 ubiquitin ligases which are predicted to bind and regulate RNA stability. Although much effort has been focused on understanding the role of these proteins as key regulators of mRNA turnover, the requirement for E3 ligase activity in mRNA decay remains unclear. It is remarkable that the ubiquitin system is involved, either directly or indirectly, in both the degradation of nucleic acids as well as proteins. These new RNAbinding E3 ligases are potential candidates which link two important cellular regulatory pathways: the regulation of both protein and mRNA stability.
Introduction
Since its description in the mid-1970s, the ubiquitin system has fascinated researchers who have studied its contribution to the regulation of key cellular processes. The importance of ubiquitin is highlighted by its involvement in the regulation of almost all cellular pathways, including immune responses, inflammatory processes, antigen presentation, control of viral infections, modulation of cell-surface receptors, DNA transcription and repair, apoptosis and the cell cycle.
Ubiquitin is a globular protein of 76 amino acids that is covalently attached to target proteins via an isopeptide bond between its C-terminal glycine residue and a lysine residue of the acceptor substrate [1] . This post-translational modification is carried out by a three-step enzymatic reaction [2] . Ubiquitin is first activated by an ubiquitin-activating enzyme (E1) in an ATP-dependent fashion. The activated ubiquitin is then transferred on to an ubiquitin-conjugating enzyme (E2) to form a thioester bond. Finally, the isopeptide bond is formed between the C-terminus of ubiquitin and the ε-amino group of a lysine residue on the target protein. This latter reaction is facilitated by an E3 ubiquitin ligase which confers specificity on the ubiquitin reaction and, in the case of the RING family, provides a bridge between the ubiquitincharged E2 and the substrate protein.
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modifications [3] , as well as ubiquitination on serine and threonine residues, may occur [4] . Ubiquitin itself has seven lysine residues (Lys 6 and Lys 63 ), each of which can be conjugated further by additional ubiquitin residues to form a polyubiquitin chain of different linkages [5] . Post-translational modification by ubiquitin acts as a signal which confers an additional function on the ubiquitinated protein. The subsequent fate of the modified protein depends on whether it is modified by a single (mono-ubiquitin) or polyubiquitin chain [5] [6] [7] . Furthermore, the nature of the ubiquitin chain linkage is critical for determining function, as ubiquitinbinding proteins have different specificities for different chain linkages. For example, polyubiquitin chains linked through Lys 48 are targeted to the proteasome, whereas Lys 63 -linked polyubiquitin chains are involved in receptor internalization, DNA repair and kinase signalling pathways [6] [7] [8] .
The human genome encodes two E1 enzymes, 37 E2 enzymes and more than 600 E3 ligases [9, 10] . Ubiquitination is reversible, and ∼85 deubiquitinases, specialized proteases that remove ubiquitin, are encoded in the mammalian genome [11, 12] . E3 ubiquitin ligases can be classified into two subfamilies: those that contain a HECT (homologous with E6-associated protein C-terminus) domain, or a RING domain.
Ubiquitin ligases with RNA-binding motifs
The discovery of large numbers of non-coding RNAs and their interaction with RBPs (RNA-binding proteins) to regulate mRNA levels in key cellular processes [13] has intensified interest in post-transcriptional regulation. For example, the turnover of AU-rich cytokine mRNAs is dependent on ubiquitination [14] , although the link between these two processes has not yet been defined. In the present paper, we describe a new group of RNA-binding E3 ligases (Table 1 ). An increasing number of E3 ubiquitin ligases are predicted to bind and regulate RNA stability. Although much effort has been focused on understanding the role of these proteins as key regulators of mRNA stability, the requirement for E3 ligase activity for the majority of these proteins remains unclear.
Proteins bind RNA through RBDs (RNA-binding domains), and humans have more than 500 RBPs, each interacting with different affinities for RNA [15] . The RBDs are found in single or multiple copies and usually associate with RNA in a sequence-and structure-dependent manner [16] . More than 40 RBDs have been identified so far, the most common group being the RRMs (RNA-recognition motifs), found in >50% of RBPs [15, 16] . Other common RBDs include the KH (heterogeneous nuclear K-homology) domain and the PAZ (Piwi/Argonaute/Zwille) domain. The KH domain is evolutionarily conserved and binds both ss (single-stranded) DNA and ssRNA [16] .
Zinc fingers are classical DNA-binding domains, but they are also able to bind RNA [17, 18] . They are classified on the basis of their zinc-co-ordinating residues: that is Cys 2 His 2 (CCHH), Cys 3 His (CCCH) or Cys 2 HisCys (CCHC). The CCCH domain is implicated in binding ARE (AU-rich elements), frequently found in the 3 -UTR (untranslated region) of mRNA [19] .
Of the more than 600 potential E3 ligases of the human proteome, at least 15 possess an RBD, in addition to their RING or HECT domain (Figure 1 ). Bioinformatics analysis of the human proteome has allowed us to identify different groups of RING-type E3 ligases characterized by their RBD, and includes CCCH, KH, KKKTK or RRM RBDs.
ROQUIN was the first protein of the RING-CCCH group to be discovered [20] , and its characterization sheds light on an emerging field which links two important cellular regulatory pathways, the regulation of protein and mRNA stability.
RING+CCCH domain-containing proteins: ROQUIN
ROQUIN is encoded by the Rc3h1 gene, and was identified in a screen for autoimmune regulators in mice. Roquindeficient mice develop a severe autoimmune phenotype, with excessive production of IL (interleukin)-21 and a pattern of pathology consistent with lupus. ROQUIN is a novel RNA-binding ubiquitin ligase which contains a RINGtype domain, a unique ROQ domain and a CCCH RBD (Figure 1 ). Clues about its role in mRNA stability regulation came from Roquin-deficient mice which have increased numbers of CD4 + follicular T-helper cells with higher mRNA expression of the T-lymphocyte co-stimulatory receptor, Icos (inducible T-cell co-stimulator). The failure of ROQUIN to repress Icos mRNA through the miRNA (microRNA) (miR-101) machinery in T-cells is thought to contribute to autoimmune lymphoproliferation [20, 21] .
ROQUIN and MNAB (membrane-associated nucleicacid-binding protein), its mammalian paralogue, define a novel family of proteins distinguished by a unique ∼200 amino acid ROQ domain that is flanked by a RING-1 zinc finger and a CCCH zinc finger [22] . Little is known about the function of MNAB. However, MNAB shares many properties with ROQUIN, as they both localize to the nucleus and cytoplasm, and, upon environmental stress, are concentrated to cytosolic stress granules. These stress granules are proposed sites of mRNA triage. Untranslated transcripts are shuttled here in response to stress and are either released to complete translation or transferred to P-bodies (processing bodies) for further storage or degradation [23] . The recruitment of ROQUIN to stress granules, and its ability to repress Icos mRNA, is mediated by its ROQ domain [22] .
Less is known about ROQUIN's E3 ligase activity. The presence of a well-characterized RING finger E3 ligase domain suggests that ROQUIN may target proteins for ubiquitin-dependent degradation or other functions associated with E3 ligases. Despite the known target specificity for Icos mRNA, ROQUIN is reported to be ubiquitously expressed, suggesting that ROQUIN must have different substrates in different cell types. These substrates remain to be identified, and it will be important to understand how specificity is achieved and the protein interactions involved.
Other RING-domain-containing proteins with one or more CCCH domains do exist, but these proteins are predicted to bind DNA instead of RNA. For example, the RING finger protein UNK ('unkempt homologue'), RNF113A (where RNF is RING finger) and RNF113B and E3 ubiquitin ligases makorin-1-4. None of these proteins has been characterized and their function remains unknown [24] .
RING+KH domain-containing proteins: hMEX-3A to hMEX-3D
Buchet-Poyau et al. [25] identified and characterized a family of four novel genes (hMEX-3A, hMEX-3B, hMEX-3C and hMEX-3D), the human homologues of the Caenorhabditis elegans cell-fate-determinant mex-3 protein. Similar to its C. elegans homologue, these human hMEX-3 proteins contain two tandemly repeated KH domains that bind mRNA [25] . Qualitative experiments showed that hMEX-3A, hMEX-3B and hMEX-3C bind directly to RNA homopolymers, whereas TINO, a shorter form of hMEX-3D, binds to a sequence that contains AREs in the BCL-2 transcript [25, 26] . The precise sequence specificity and affinity of the hMEX-3 family has not been defined. During its evolution from C. elegans, to the ascidian (pem-3) and Drosophila orthologues, the mex-3 family has acquired a RING-type domain at the C-terminal end of the protein.
hMEX-3 is a family of evolutionarily conserved RBPs which contain a RING domain and are thought to be E3 ligases (Figure 1) . They are recruited to P-bodies and are involved in post-transcriptional regulation. These phosphoproteins shuttle between the nucleus and the cytoplasm via their NES (nuclear export signal) motif and the CRM1 (chromosome region maintenance 1)/exportin 1 machinery [27] . They are localized to different cytosolic foci, identified as sites of mRNA storage, translation regulation and degradation [28] . hMEX-3A and hMEX-3B colocalize with both the decapping enzyme hDcp1a and Ago (Argonaute) 1 proteins in P-bodies [29] , whereas hMEX-3C shows a more homogeneous distribution throughout the cytosol [25] .
The hMEX-3 proteins differ in their binding to the Ago proteins. hMEX-3A and hMEX-3B do not bind Ago directly, but are associated through their mRNA cargo. In contrast, hMEX-3C interacts directly with Ago1 and Ago2 [25] . However, all three co-immunoprecipitate with the poly(A)-binding protein [25] .
The hMEX-3D transcript is ubiquitously expressed, whereas hMEX-3B expression is detected in the adult intestinal epithelium, specifically in goblet cells, and is predicted to be highly expressed in testis, fetal brain and CD34 + cells. hMEX-3C mRNA is preferentially expressed in cells of the immune system, as well as in thymus, salivary gland, uterus, fetal brain and testis, implying a differential role for each of these proteins (http://biogps.gnf.org) [25] .
Whereas substrates for this family remain to be identified, there is a suggestion of a novel role for the hMEX-3 proteins as evolutionarily conserved RNA-binding E3 ligases, potentially involved in the regulation of posttranscriptional events.
RING+KKKTK domain-containing proteins: hRUL138/2A-HUB
Replication of HBV (hepatitis B virus) requires RNA intermediates. The hRUL138 (human RNA-binding ubiquitin ligase 138) protein was initially discovered in a screen for human proteins which bind RNA HBV-ε-derived probes [31] . This protein encodes a RING-H2 type domain and, in vitro, can autoubiquitinate, as well as transubiquitinate targets. In the absence of a known RRM within the hRUL138 sequence, Kreft and Nassal [31] used deletion mapping and Northwestern blotting to identify a novel KKKTK (Krich) region required for RNA binding. Furthermore, GFP (green fluorescent protein)-tagged hRUL138 is expressed in cytosolic punctate structures probably resembling stress granules. Its function in hepatitis viral infection is not known, and the physiological RNA targets of hRUL138 have not been identified.
Zhou et al. [32] identified hRUL138 as a novel histone H2A mono-ubiquitinating ligase, which they referred to as 2A-HUB. 2A-HUB's ability to bind RNA was not addressed, although 2A-HUB was characterized as a transcription repressor that acts in the nucleus. 2A-HUB appears to be recruited by the N-CoR (nuclear receptor co-repressor)-HDAC (histone deacetylase) 1/3 complex to a subset of chemokine gene promoters, promoting H2A mono-ubiquitination on these promoters. This function is required for repressing a specific chemokine gene-expression programme like those involved in the inflammatory response in macrophages. Thus hRUL138/2A-HUB has distinct functions according to its subcellular localization, with the potential to regulate RNA stability in the cytosol, and acting as a selective transcriptional repressor in the nucleus.
RING+RRM domain-containing proteins: CNOT4
CCR4 (carbon catabolite repressor 4)-NOT is a multimeric complex that comprises nine subunits. One of these subunits, CNOT4, possesses a RING-type domain as well as a CCCH and an RRM domain (Figure 1 ). CNOT4 ubiquitin ligase activity has been confirmed in vitro [33] . Its RING preferentially interacts with the UBC4/5 subfamily of human E2 enzymes both in vivo and in vitro [33] . The physiological targets of CNOT4 E3 ligase activity are unknown.
The CCR4-NOT complex has two distinct functions in RNA metabolism: a cytoplasmic function that regulates mRNA turnover and a nuclear function that regulates mRNA synthesis [34] .
In eukaryotes, the bulk of mRNAs undergo decay by a pathway that is initiated by poly(A)-tail shortening, a process of deadenylation. The CCR4-NOT deadenylase complex is thought to be responsible for removal of the poly(A) tail from mRNAs targeted by miRNAs in human cells, thereby triggering rapid mRNA degradation [35] .
Other predicted RNA-binding E3 ligases
Bioinformatic analysis predicts several additional uncharacterized RNA-binding E3 ligases. One of these is a member of the TRIM (tripartite motif) protein family, TRIM40. Several TRIM proteins are induced by type I and type II interferons, and display anti-retroviral properties (e.g. TRIM19, TRIM5a), but lack an intrinsic RNA-binding motif [36] . Although no information is available about the function of TRIM40, it is predicted to encode a RING domain, a B-box domain and an RNA-binding tRNA-binding arm domain. This tRNA-binding arm domain is a conserved RBD found in aminoacyl-tRNA synthetases and recognizes a small number of nucleotides in each cognate tRNA species [37] . It will be interesting to determine whether TRIM40 binds viral RNA directly.
RNF17 is another predicted RNA-binding E3 ligase, which encodes both a RING and a Tudor domain, predicted to bind RNA [38] . Whether this domain binds directly to RNA, or controls interactions with nucleoprotein complexes is unknown. RNF17 is predicted to have 11 alternative splicing transcripts, with only four of them possessing both the RING and four Tudor domains. RNF17 is a testis-specific regulator of spermiogenesis: Rnf17-deficient mice are viable, but males are infertile [38] . RNF17 is a component of the male germ cell nuage, a spherical cytoplasmic body, present in late pachytene and diplotene spermatocytes and in elongating spermatids that serves as a site for protein and RNA storage equivalent to stress granules [38] .
MDM2 (murine double minute 2) binds to p53 mRNA in the absence of a recognized RNA-binding motif MDM2 is a RING E3 ubiquitin ligase which promotes the polyubiquitination of tumour protein p53 and targets it for proteasome-mediated degradation. Surprisingly, MDM2 also has the capacity to promote p53 synthesis by enhancing its mRNA translation. Therefore MDM2 regulation of p53 expression is a balance between these two opposing functions [39] .
It has long been known that the MDM2 oncogene binds p53 mRNA, even in the absence of a recognized RNAbinding motif. MDM2 also binds non-specifically to small RNA oligonucleotides [40] . Surprisingly, this interaction is mediated by the RING domain of MDM2, and a single amino acid substitution in the RING domain is sufficient to completely abolish the specific binding of MDM2 to RNA [40] . MDM2 stimulates p53 mRNA translation by binding the p53 mRNA, and this interaction also suppresses MDM2's E3 ligase activity.
MDM2's ubiquitin ligase activity is not confined to p53, but encompasses other key cell-cycle-associated proteins including retinoblastoma 1, ribosomal proteins L5, L11 and L23, as well as histones H2A and H2B [41] [42] [43] [44] . It is not known whether MDM2 interacts with mRNAs other than p53. The E3 ligase activity and the RBD of MDM2 overlap, and they seem to be mutually exclusive.
Concluding remarks
The increased interest in mRNA metabolism, fuelled by the discovery of miRNAs has led to a rapid expansion of research in mRNA post-transcriptional regulation and renewed interest in RBPs [15] . Studies on the turnover of AU-rich cytokine mRNAs have linked mRNA metabolism with ubiquitination. Ubiquitin is well recognized for its role in protein post-transcriptional regulation/degradation. It is remarkable that the ubiquitin system is involved, either directly or indirectly, in the degradation of nucleic acids as well as proteins. The requirement for E3 ligase activity in mRNA degradation is unclear. A critical step for mRNA decay is the disassembly of the mRNPs (messenger ribonucleoproteins), which allows access of the degradation machinery to the target mRNA. Ubiquitination of the mRNPs may promote their dislocation/degradation, thus freeing the mRNA for degradation. The new RNA-binding E3 ligases, described in the present paper, are potential candidates which bridge the fields of mRNA and protein regulation. It will be exciting to determine how their ubiquitinating activity is involved in this process. 
